Abstract Pancreatic islet transplantation is a promising therapy for Type I Diabetes. For many years the method used worldwide for islet purification in both rodent and human islet isolation has been Ficoll-based density gradients, such as Histopaque. However, it is difficult to purify islets in laboratories with staff limitations when large scale isolations are required. We hypothesized that filtration could be a more simple and fast alternative to obtain good quality islets. Four separate islet isolations were performed per method, comparing filtration and Histopaque purification with handpicking as the gold standard method for islet purity. Different parameters of quality were assessed: yield in number of islets per pancreas, purity by dithizone staining, viability by Fluorescein Diacetate/ Propidium Iodide vital staining and in vitro functionality assessed by Glucose Stimulated Insulin Secretion. Time efficiency and cost were also analyzed. The overall quality of the islets obtained both by Histopaque and filtration was good. Filtration saved almost 90 % of the time consumed by Histopaque purification, and was also cheaper. However, one-third of the islets were lost. Since human and rodent islets share similar size but different density, filtration appears as a purification method with potential interest in translation to clinic.
Introduction
Pancreatic islet transplantation is a promising therapy for type I Diabetes, supported by the success of the Edmonton Protocol and the follow-up international trial (Shapiro et al. 2000 (Shapiro et al. , 2006 . However, one of the major obstacles to a widespread clinical use of this treatment is the islet isolation procedure itself due to its low yield [2 or more donors are needed per patient (Shapiro 2011) ] and the difficulty of the islet purification methodology. Therefore, these factors limit the availability of human islets either for the clinical practice or the research field, promoting the use of animal models in the latter.
The islet isolation procedure involves three steps: enzyme perfusion, pancreas digestion and islet purification. Purification is the key step since highly purified islet preparations improve engraftment, are safer, reduce graft immunogenicity in transplants and are more suitable for immunomodulation procedures (Lakey et al. 2003) .
Since the 1960s, the most common method for islet purification, both in rodents and humans, is density gradient centrifugation, based on the different densities of islets and exocrine tissue (Lacy and Kostianovsky 1967; McCall et al. 2011; Mita et al. 2010; van der Vliet et al. 1988; Lake et al. 1987) . However, alternative methods based on other physical properties have been suggested in the last years, such us filtration or osmotic shock (Atwater et al. 2010; Salvalaggio et al. 2002) . Recently, McCall and colleagues highlighted Histopaque in comparison to other discontinuous density gradients as the method to provide more healthy islets (McCall et al. 2011) . We also speculated that a faster method is needed in large-scale isolations in terms of time optimization, especially when there is a limited staff devoted to this task. Therefore, filtration could be a good alternative, since a priori, it could be a faster, cheaper and a more simple method. However, the analysis of the quality of the islets obtained by this method remains to be performed.
In the current study, we first assessed the yield and quality of mouse islets isolated by two protocols of Histopaque and filtration purification, the latter with some modifications (Li et al. 2009 ), taking the handpicking as the gold standard method for islet purification. Besides, we made a balance considering also the cost and the time consumed by each procedure, which are also determinant in the election of a method for a laboratory routine.
We conclude that filtration is a feasible alternative to Histopaque, providing good quality islets, and very convenient in terms of time and cost for large-scale islet isolations and/or laboratories with limited staff. However, the yield obtained with this method is lower and each laboratory should decide which is its most suitable option.
Materials and methods

Animals
OF1 mice (8-11 weeks) were obtained from Charles River Laboratories (L'Arbresle, France) and housed under conventional conditions. Ethical approval was obtained from the Animal Welfare Committee at the University of the Basque Country (Permit number: CEBA/58/RAMIREZ DOMINGUEZ).
Mouse islet isolation
Four independent isolations (six mice each) were performed per method. OF1 mice were sacrificed by cervical dislocation and digestion of the pancreatic tissue was performed with 3 mg/mL of Collagenase P (Roche, Mannheim, Germany), and later purified according to one of the methods detailed below.
Islet purification
Handpicking
Islets were spun twice at 300 g 2 min and washed with Hank's Balanced Salt Solution (HBSS) (Sigma, Ayrshire, UK) with 0.1 % Bovine Serum Albumin (BSA) (HyClone, South Logan, UT, USA). Then they were handpicked three times in a Petri Dish with a black background under the stereomicroscope (Zeiss, Stemi 2000-C) with side illumination.
Filtration
Islets were purified according to the protocol by Li et al. 2009 with some modifications (Collagenase P instead of Collagenase XI, filtering through a 100 lm cell strainer instead of a 70 lm one).
Histopaque
Islets were purified with a discontinuous density gradient according to the protocol by Anna Novials and col. (personal communication). This gradient was generated from three layers of 10 ml each of Histopaque 1.119 (Sigma, Ayrshire, UK), Histopaque 1.089 and HBSS-0.1 % BSA by centrifugation at 800 g for 20 min. Islets were collected from the interface between Histopaque 1.089 and HBSS-BSA and washed once with ice cold HBSS-BSA.
Quality assessment
Every parameter of islet quality was assessed four times per method. After the purification step, purity was assessed (before handpicking counting) by dithizone staining under the stereomicroscope (Zeiss, Stemi 2000-C; Göttingen, Germany). Islets were then handpicked for absolute yield quantification purposes. In addition, islets were let to recover overnight at 37°C and 5 % CO 2 to test viability and in vitro functionality on the following day. Viability was assessed in triplicate by Fluorescein Diacetate/Propidium Iodide (FDA/PI) (Sigma, St.Louis, MO, USA (N = 4) staining, using a Nikon TiU fluorescence microscope (Melville, NY, USA). Functionality was assessed by Glucose Stimulated Insulin Secretion (GSIS). Aliquots of 5 islets each per quatriplicate were washed in modified KREBS buffer (120 mMÁNaCl, 25 mMÁNaHCO 3 , 5 mMÁKCl, 2.5 mMÁCaCl 2 and 1 mMÁMgCl 2 with 3 % BSA and 2.8 mM glucose) and pre-incubated for 1 h in the same buffer at 37°C and 5 % CO 2 . They were then incubated in alternating low (2.8 mM), high (16.7 mM) and low (2.8 mM) glucose concentration in KREBS buffer with 1 % BSA for 1 h in each solution at 37°C and 5 % CO 2 . Aliquots of the supernatants were analyzed in duplicate for mouse insulin content using an enzyme linked immunosorbent assay kit (ELISA) (Mercodia, Uppsala, Sweden). The stimulation index (SI) was calculated by dividing the mean insulin secreted by the islets in high-glucose medium by the mean insulin secreted from the same islets in low-glucose medium.
Statistical analysis
Data were analyzed using GraphPad Prism 5, and P values below 0.05 were considered statistically significant. Data are shown as mean ± SEM, unless otherwise indicated in the figure legends. Statistical Analysis was performed by the Kruskal-Wallis Test or One-Way ANOVA. For statistical comparisons Dunn's multiple comparison test or Tukey's multiple comparison test were applied.
Time span assessment
Time devoted to each procedure was quantified in minutes (Table 2 ) (N = 3), considering only the time consumed by the purification step and excluding the time devoted to the preparation of reagents and the counting of the islets by handpicking (except for the handpicking method).
Cost analysis
The cost of supplies was calculated in Euros (Table 2) , excluding mice costs and staff wages.
Results
In this study, four independent islet isolations including six mice each were performed separately per method and the obtained tissue was assessed for islet yield and quality in vitro, in terms of purity, viability and functionality (Table 1) .
Purity was assessed (before handpicking counting) by dithizone staining (Fig. 1) . A significant advantage in islet purity was observed using Histopaque (Histopaque: 99.70 % purity, p = 0.0007 versus filtration and handpicking).
Yield was assessed by handpicking counting of the islets resulting from each purification method and averaged over the four isolations. There were significant differences (p \ 0.0001) in the number of islets obtained per pancreas between filtration with a cell strainer of 100 lm and handpicking (101 vs. 155 vs. 170 islets for filtration, Histopaque and handpicking).
Viability was tested by FDA/PI staining after overnight culture of the islets (Table 1 ; Fig. 2 ). Islets obtained by the filtration method had the highest viability with statistical significance (94.60 % viability, p = 0.0123 versus Histopaque and handpicking). Immediately afterwards islets were challenged by GSIS with sequential concentrations of glucose (low, high and low) (Fig. 3) . The resulting insulin released was measured by ELISA averaged and compared. No significant differences were detected between the same conditions. The SI was also calculated in order to quantify the potential of insulin release for each method, showing no significant differences (3.76 ± 0.85 vs. 2.12 ± 0.34 vs. 4.82 ± 1.13 for handpicking, filtration and Histopaque, p = 0.1672).
With regard to time consumption, the fastest method to isolate the islets was filtration (15 ± 1 vs. 128 ± 6 vs. 382 ± 30 min for filtration, Histopaque, and handpicking, respectively), and differences were statistically significant compared to handpicking and Histopaque (p = 0.0265 for a p \ 0.05). Regarding to cost, Histopaque is the most expensive method, a 10.19 % more expensive than filtration (46 vs. 69 vs. Cytotechnology (2015) 67:199-206 201 77 " , for handpicking, filtration and Histopaque) ( Table 2 ).
Discussion
The purification of pancreatic islets is a key step in the isolation process, intimately linked to the quality of the obtained islets. Contamination of islets by acinar cells may lead to a high level of proteases that will hamper islet integrity and functionality (O'Dowd 2009) and could cause serious postsurgical complications following intraportal transplantation (Lakey et al. 2003; Gray et al. 1988) . In this study we aimed to compare the quality of islets obtained by an established method of islet purification, Histopaque, with an appealing alternative one, filtration, although some modifications of the original protocol were needed.
Our data show that the overall quality of both methods is good, in particular in terms of purity and viability. The values obtained in the quality assessment were always in the expected range, except for the yield obtained by filtration, which is lower than usual. Overall, the only significant differences between the two methods were related to purity, yield and viability.
The islets of highest purity were obtained by the Histopaque method, although purity achieved by the other methods was also above 98.5 %, which is indeed an acceptable level of purity. In this sense, in our hands the filtration protocol described by Li et al. (2009) achieved only 71.96 ± 3.60 % of purity (unpublished results) in contrast to their claim of almost 100 % purity in most cases, making this protocol unfeasible for the purification of islets by filtration alone with a 70 lm cell strainer. Therefore, we decided to filter preparations through a 100 lm cell strainer, as reported by Salvalaggio et al. (2002) . Other reports included an extra step of purification by handpicking after applying this protocol (Daniel et al. 2011; Dhanesha et al. 2012; Mosedale et al. 2012; Pang et al. 2010 ) and our results further confirm the improvement of islet purity after adding this extra step.
In order to adapt the protocol for the comparison of the methods we changed the type of Collagenase Data displayed are islet purity (%), assessed by dithizone staining before handpicking counting; yield, expressed as the absolute number of islets obtained per pancreas after handpicking; viability, assessed by FDA/IP staining by fluorescence microscopy; and SI calculated by dividing the mean insulin released by the islets in the high-glucose medium by the mean insulin released from the initial low-glucose medium. The numbers shown are the mean ± SEM of four independent experiments each involving six mice *, ,à p \ 0.05 by Kruskal-Wallis test and Dunn's multiple comparison test (Collagenase P instead of Collagenase XI). Despite there were significant differences in the initial purity between the two types of collagenase when the original protocol was reproduced (71.96 ± 3.60 vs. 60.92 ± 3.75, for Collagenase XI and Collagenase P, p = 0.0409. Unpublished data) no significant differences were observed in the final purity once handpicked the islets (98.45 ± 0.25 vs. 99.08 ± 0.14 for Collagenase XI and Collagenase P with a 70 lm filter, p = 0.0661, and 98.45 ± 0.25 vs. 98.79 ± 0.12 for Collagenase XI with a 70 lm filter and Collagenase P with a 100 lm filter, p = 0.5965. Unpublished data).
Regarding to the yield, although there was no effect on the collagenase type (134 ± 10 vs. 160 ± 9 for Collagenase XI and Collagenase P with a 70 lm filter, p = 0.0601. Unpublished data) there were statistically significant differences when the original protocol was compared with the adapted here with Collagenase P and a 100 lm cell strainer (134 ± 10 vs. 101 ± 7 for Collagenase XI and Collagenase P, p = 0.049. Unpublished data). Regarding yield, the values obtained were in the expected range (O'Dowd 2009) for Histopaque and handpicking, with higher values for handpicking. However, since islets range from 40 to 400 lm in diameter, filtration is unable to recover islets with less % than 100 lm, which account for 40.59 % and 34.84 % of the islets recovered with handpicking and Histopaque, respectively. When assessing the viability of islets, the best values are obtained by filtration, with significant differences, which can be due to the less traumatic nature of this procedure.
Islet function is defined by its ability to regulate the release of insulin and other hormones in response to changes in extracellular glucose concentration (Carter et al. 2009 ). Therefore, GSIS provides an accepted measure of islet function and, consequently, of the quality of the preparation. The purpose of alternating ''basal'' or ''unstimulated'' conditions with stimulation with high glucose was to confirm that islets in the preparation were able to respond properly when the glucose was lowered again by decreasing insulin secretion. This also discarded the possibility of sustained high values of insulin secretion due to cell death processes.
On the other hand, a number of studies have reported toxic effects of Ficoll to islets during the isolation process (Lake et al. 1987; Salvalaggio et al. 2002; Scharp et al. 1973) . However, islets in this work were healthy, with a SI between 2 and 20 (Carter et al. 2009 ) not showing any harmful effect of Histopaque on the islets, as supported also by more recent studies performed with Ficoll-based gradients (McCall et al. 2011; Mita et al. 2010; Lamb et al. 2011) , nor were any statistical differences between methods observed. However, although GSIS is an important predictor of islet function it does not have a correlation with clinical transplantation outcomes (Ricordi et al. 2001; Street et al. 2004) . Therefore, islets obtained by filtration (with the lowest GSIS and the highest viability) may recover once transplanted and improve their functionality in vivo (Papas et al. 2009 ).
Another issue to take into account regarding functionality is the size of the islets. Some articles have reported the superiority of rodent and human islets under 100-125 lm against large islets in in vitro and in vivo function (MacGregor et al. 2006; Lehman et al. 2007; Farhat et al. 2013) . In this regard, Fujita et al. (2011) reported that large islets secreted less insulin than small islets per islet equivalent. This is consistent with the fact that, in human pancreata, there is a higher proportion of beta cells in small islets (39 %) than in large islets (63 %), and its closer contact with blood vessels may affect insulin secretion (Farhat et al. 2013) . However, in a more recent study by Nam and colleagues (2010) the islets with the highest SI value had between 100 and 150 lm diameter in a heterogeneous population, which are in the size range of all methods. Additionally, we studied if 100 lm filtration could lead to loss of some islets with higher SI value, but we did not find statistical differences with islets over 100 lm (2.12 ± 0.22 vs. 1.77 ± 0.20 for islets under 100 lm and over 100 lm by filtration, p = 0.2615. Unpublished results).
In terms of time, handpicking demands almost threefold and 25-fold the time employed to purify islets by Histopaque and filtration, and is therefore not feasible as a routine procedure. Besides, comparing Histopaque and filtration, the latter saves almost 90 % of the time devoted to purify islets by Histopaque density gradient. With only 2-3 min to purify islets from one pancreas, filtration is clearly the fastest method. Reagent costs should be balanced together with time and quality data. Histopaque is the most expensive method, almost twofold compared to handpicking and 10.19 % more expensive than filtration (excluding mice cost and staff wages) while filtration has an intermediate price. If staff wages are taken into account, which are proportional to the time consumed by each procedure, filtration is the cheapest option.
Taken together, our results show that the quality of the islets obtained by both methods is good, while the speed of filtration using a 100 lm cell is particularly convenient for large scale islet isolation and/or laboratories with limited staff. However, one-third of the islets are lost with filtration compared to Histopaque, and more animals are needed, so each laboratory should decide which method is more suitable according to their aims or economical situation. It is currently accepted that mouse and human islets differ in their anatomy and functionality (Cabrera et al. 2006) and that the human pancreas is more fibrous and dense than in rodents (Lakey et al. 2003; O'Dowd 2009) . But both human and rodent islets are in the same range of size (Kim et al. 2009 ), thus making size-based purification like filtration a method of interest also for human islet purification.
